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Abstract 
To investigate the possibility of nanoprocessing by metal forming, the generation of super smooth surface by a simple 
compression test was attempted. To obtain fundamental information about the generation of a super-smooth surface during 
metal forming, we investigated a simple compression test of aluminum strips (A1100, 0.8 mm thick). In the present study, to 
examine the effect of materials, compression tests of copper strips were conducted. The tool and specimen surfaces were 
observed using a conventional stylus surface profilometer and an atomic force microscope. The tool and specimen surfaces 
were examined by the power spectrum method and the zeroset method of fractal analysis. 
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1. Introduction 
Recently, the surface roughness and precision requirements of metal formed products have been increasing. 
Although various studies on surface smoothing in metal forming (Nakamura et al., 1990; Ike, 2005) have been 
conducted, the literature contains few studies conducted at the nanometer scale. In the present study, to consider the 
possibility of nanoprocessing by metal forming, we attempted to generate a super smooth surface by a simple 
compression test. In the previous study (Matsui et al., 2009), we performed simple compression tests on aluminum 
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strips (A1100, 0.8 mm thick). The tool and specimen surfaces were observed by a conventional stylus surface 
profilometer and using an atomic force microscope. The tool and specimen surfaces were examined by the power 
spectrum method and by the zeroset method of fractal analysis. In the present study, to examine the effect of 
materials on surface smoothing in metal forming, we performed compression tests on copper strips (C1020, 0.8 
mm thick). 
2. Experimental procedure 
The material used for the compression tests was commercially available oxygen-free copper sheets (C1020, 0.8 
mm thick). Its tensile properties and surface roughness RZ (maximum height) are reported in Table 1. For the 
compression tests, small strips were cut parallel to the rolling direction from the original sheets and were machined 
into specimens with a length of 10 mm and a width of 3 mm.  
A pair of disks with a diameter of 15 mm made of tool steel alloy (SKD11, quenched, 60HRC) was used as tools 
(platens) for the compression tests. Each tool surface was finished to a roughness of 10 nm RZ by buffing and was 
coated with a carbon film using vacuum deposition equipment; the thickness of the carbon deposition film was 20 
nm. The tool is shown in Fig. 1. The compression tests were conducted at a speed of 2 mm/min using a universal 
testing machine. The tool and specimen surfaces were observed using a conventional stylus surface profilometer 
(Talysurf 10 (Rank Taylor Hobson)) and an atomic force microscope (SPM9500J3 (Shimadzu)). The scanning 
range used was 20 × 20 μm2 (SR = 20 μm), and the atomic force microscope image resolution was set at 512 × 512 
pixels. The positions on the specimen surface measured by the atomic force microscope are shown in Fig. 2. 
3. Results and discussion 
An example of the specimen after the compression test is shown in Fig. 3. The relationship between the surface 
roughness RZ and the compressive strain ec is shown in Fig. 4, where RZ is mean value of the specimen obtained 
from the stylus surface profilometer. The RZ of the specimen decreases with increasing ec, and RZ then becomes 
almost the same as that of the tool at approximately ec = 20%. Although the initial surface roughness RZ along the 
90° direction is larger than that along the 0° direction, the difference decreases with increasing ec, and the RZ 
values become almost the same at approximately ec = 20%. 
 
 Table 1. Tensile properties and surface roughness of C1020. 
Angle to rolling direction ( °) 0 45 90 Mean 
n value* 0.030 0.003 0.003 0.010 
r value 0.49 0.46 0.57 0.50 
F value* (MPa) 334 293 301 305 
Tensile strength  ( MPa) 290 285 292 288 
Total elongation (%) 7.6 6.6 6.4 6.8 
RZ (μm) 1.36 - 1.74 - 
                              *ı )İn 
 
 
 
 
 
 
 
 
 
Fig. 1. Aspect of the tool.                           Fig. 2. Positions of specimen surface measured by atomic force microscope. 
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The relationships between the surface roughness RZ and the compressive strain ec in C1020 and A1100 are 
shown in Fig. 5. The surface roughness of the C1020 specimen is greater than that of the A1100 specimen, 
irrespective of the direction. 
The relationship between the equivalent value of the maximum height roughness RZe and the compressive strain 
ec is shown in Fig. 6, where RZe refers to the maximum height of the profile measured from the scan range SR by 
the atomic force microscope. The equivalent value of the maximum height roughness RZe at position A indicates a 
large value, irrespective of the direction. In the 0° direction, the RZe of positions C and D are small, and in the 90° 
direction, the RZe of positions B and D are small. The smoothing effect is considered to be large at any position 
where the metal flow is large because the metal flow is small in the center position of the specimen and is large in 
the outer positions of the specimen. The transferal effect of the tool asperities to the specimen induced by the high 
surface pressure and the ironing effect induced by the increase in material flow are considered to be responsible for 
the smoothing effects. In the center position of the specimen, the transferal effect is large but the ironing effect is 
small; conversely, in the outer positions of the specimen, the transfer effect is small but the ironing effect is large. 
Thus, as the ironing effect becomes large with increasing compressive strain ec, the RZe of the outer positions 
becomes small. The RZe in SR = 20 μm was attained to 12 nm at the smoothest position of the specimen profiles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Example of specimen after compression test (ec=47%, C1020). Fig. 4. Relationship between surface roughness RZ and compressive 
strain ec (C1020). 
 
   (a)                                                                                    (b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Relationship between surface roughness RZ and compressive strain ec: (a) 0° direction, (b) 90° direction. 
The relationships between the equivalent value of the maximum height roughness RZe and the compressive 
strain ec of C1020 and A1100 are shown in Fig. 7. The RZe of C1020 is larger than that of A1100, irrespective of 
the direction.  
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To examine the nanostructure of the tool and the specimen, the power spectrum method and the zeroset method 
of fractal analysis previously proposed by us (Matsui et al., 2009) were employed. A fractal property is usually 
characterized by the fractal dimensions. In general, fractal dimensions of solid surfaces are regarded as a means of 
expressing the apparent complexity (randomness) in their geometries or of estimating their area. 
The power spectrum SP and the wavelength Ȝ were obtained by applying FFT analysis to the surface profile 
curves; the power spectrum dimension DPS was determined from the slope of the log (SP) vs. log (Ȝ) plot, denoted 
by ȕ, as follows (Peitgen et al., 1988): 
  ,2/3 E EDPS ,31 dd E   (1) 
 
 (a)                                                                                             (b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Relationship between equivalent value of maximum height roughness RZe  and compressive strain ec (C1020, SR = 20 μm): 
(a) 0° direction, (b) 90° direction. 
 
(a)                                                                                             (b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Relationship between equivalent value of maximum height roughness RZe  and compressive strain ec  (SR = 20 μm):  (a) 0° direction,  
(b) 90° direction. 
 
where E is the Euclidean dimension (E = 1 in this study). DPS is a measure of wavelength dependability when the 
surface is viewed as a spectrum. 
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Intersections of surface irregularities and the basal plane, referred to as zeroset elements herein, are directly 
observed. When the area and the peripheral length of each zeroset element are denoted by AZ and LZ, respectively, 
the zeroset dimension DZ is obtained from the following relation: 
ZD
ZZ LA
/12/1 v .  (2) 
From the slope of the plot of log (LZ) vs. log (AZ), which is denoted by ĮZ, the zeroset dimension DZ can be 
determined as 2ĮZ. DZ is a direct measure of the complexity of surface irregularities. 
The relationship between the power spectrum dimension DPS and the compressive strain ec is shown in Fig. 8. 
The DPS of the tool and that of the initial specimen differ, indicating that the fractal structures of the tool and the 
initial specimen differ. In the 0° direction, the DPS is almost constant with increasing ec, irrespective of the  
 
(a)                                                                                             (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Relationship between power spectrum dimension DPS and compressive strain ec  (C1020, SR = 20 μm): (a) 0° direction, (b) 90° direction. 
(a)                                                                                             (b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Relationship between DPS and compressive strain ec (A1100, SR = 20 μm): (a) 0° direction, (b) 90° direction. 
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Fig. 10. Relationship between DZ and compressive strain ec   
(C1020, SR = 20 μm). 
Fig. 11. Relationship between DZ and compressive strain ec   
(A1100, SR = 20 μm). 
 
measured position. In the 90° direction, although some dispersion exists, the DPS tends to approach the value of the 
tool.  
For comparison of the results for C1020 with those for A1100, the relationship between the power spectrum 
dimension DPS and the compressive strain ec in the case of A1100 is shown in Fig. 9. In the 0° direction, the DPS 
values are approximately the same as those for C1020. In the 90° direction, although the DPS of the initial specimen 
of A1100 is smaller than that for C1020, with increasing ec, the DPS values becomes almost equal to that for C1020. 
The relationship between the zeroset dimension DZ and the compressive strain ec is shown in Fig. 10. Although 
DZ of the initial specimen is smaller than that of the tool, the DZ of the specimen becomes slightly larger than that 
of the tool, irrespective of the measured position. 
For comparison of the results for C1020 with those for A1100, the relationship between the zeroset dimension 
DZ and the compressive strain ec is shown in Fig. 11. Although the DZ of the initial specimen of A1100 is larger 
than that of C1020, with increasing ec, the DZ of A1100 becomes almost equal to that of C1020 except ec Ҹ 60%. 
These results suggest that, even if the fractal structure of the initial specimen differs, the fractal structure 
becomes almost the same with increased smoothing. 
4. Concluding remarks 
We observed that the specimen surface asperities were smoothed to almost the same surface roughness as the 
tool on the nanometer scale at approximately 20% compressive strain. Although the surface roughness of the 
oxygen-free copper was greater than that of the aluminum, the maximum height in a scanning range of 20 × 20 μm2 
was 12 nm at the smoothest position of the specimen profiles. The tool and specimen surfaces were examined by 
the power spectrum method and the zeroset method of fractal analysis. The results suggested that, even if the 
fractal structure of the initial specimen was different, the fractal structure approached the same value with increased 
smoothing. 
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